Desmosomes are adhesive junctions that provide mechanical coupling between cells. Plakoglobin (PG) is a major component of the intracellular plaque that serves to connect transmembrane elements to the cytoskeleton. We have used electron tomography and immunolabeling to investigate the consequences of PG knockout on the molecular architecture of the intracellular plaque in cultured keratinocytes. Although knockout keratinocytes form substantial numbers of desmosome-like junctions and have a relatively normal intercellular distribution of desmosomal cadherins, their cytoplasmic plaques are sparse and anchoring of intermediate filaments is defective. In the knockout, b-catenin appears to substitute for PG in the clustering of cadherins, but is unable to recruit normal levels of plakophilin-1 and desmoplakin to the plaque. By comparing tomograms of wild type and knockout desmosomes, we have assigned particular densities to desmoplakin and described their interaction with intermediate filaments. Desmoplakin molecules are more extended in wild type than knockout desmosomes, as if intermediate filament connections produced tension within the plaque. On the basis of our observations, we propose a particular assembly sequence, beginning with cadherin clustering within the plasma membrane, followed by recruitment of plakophilin and desmoplakin to the plaque, and ending with anchoring of intermediate filaments, which represents the key to adhesive strength.
INTRODUCTION
Desmosomes are large macromolecular complexes that represent a major category of intercellular junction (Garrod et al., 2002) . They impart mechanical strength to a wide range of tissues and their importance is underscored by their prevalence in tissues that experience shear stress, such as the heart and skin. The cadherins (desmoglein and desmocollin) are transmembrane glycoproteins that form extracellular bonds with their counterparts from the neighboring cell. On the intracellular membrane surface, these cadherins nucleate a dense plaque of proteins designed to couple the extracellular bond with the network of intermediate filaments that course throughout the cell. Plakoglobin (PG) and plakophilin are the major components of the outer dense plaque that is proximal to the membrane. Desmoplakin composes an inner dense plaque that is further from the membrane and that mediates the binding of intermediate filaments.
Desmoplakin is a member of the plakin family, which also includes envoplakin, periplakin, bullous pemphigoid antigen-1, and plectin. Generally speaking, these proteins play a role in anchoring membrane-associated protein complexes to intermediate filaments (Leung et al., 2002) . Sequence predictions indicate that all family members have a long, a-helical rod flanked by globular domains at their N-and C-termini. In the case of desmoplakin, the N-terminal, globular domain targets to the outer dense plaque (Stappenbeck et al., 1993; Bornslaeger et al., 1996; Smith and Fuchs, 1998) , where it is proposed to cluster PG and cadherin complexes into discrete patches (Kowalczyk et al., 1997; North et al., 1999) . The C-terminal end has a characteristic plakin-repeat domain and is thought to interact directly with intermediate filaments Choi et al., 2002) .
PG and plakophilin are members of the armadillo (ARM) protein family, which includes b-catenin and p120 ctn that are found in the cytoplasmic plaque of the related adherens junction. Both PG and b-catenin associate with a conserved cytoplasmic region of various cadherins via the 12 ARM repeats that characterize this family. Classical cadherins bind to ARM repeats 5-9 (Huber and Weis, 2001) , whereas desmosomal cadherins bind to repeats flanking this central region (Witcher et al., 1996) . b-Catenin has an important secondary role in WNT signaling, which also involves interactions of the ARM repeats, this time with Lef/Tcf transcription factors and the elements of the so-called destruction complex (Nelson and Nusse, 2004) . PG has high sequence homology both in the central ARM repeats and in the N-terminal regulatory motif that is targeted by the destruction complex (Hatsell et al., 2003) , and recent studies support an analogous role in transcriptional regulation by PG (Miravet et al., 2003; Muller-Tidow et al., 2004; Williamson et al., 2006) . Plakophilin has a similar architecture, although with fewer ARM repeats and a distinctive kink in the middle (Choi and Weis, 2005) . Despite structural homology, no binding partners have been identified for the plakophilin ARM domain. Instead, a multitude of interactions involve the globular N-terminal domain, which is unrelated to PG (Hatzfeld, 2007) .
Within the desmosomal plaque, these constituents engage in a number of complex interactions. In particular, the desmoplakin N-terminal domain interacts with the cytoplasmic tails of desmocollin ''a'' isoforms, the N-terminal head of plakophilin-1, and the central ARM repeats of PG (Kapprell et al., 1988; Troyanovsky et al., 1996; Kowalczyk et al., 1997) . Plakophilin and PG, in turn, interact with each other and promote clustering of desmosomal cadherins (Bornslaeger et al., 2001; Chen et al., 2002; Bonne et al., 2003) . Plakophilin is reported to bind to intermediate filaments, but desmoplakin appears to be primarily responsible for linking the desmosomal plaque to the cytoskeleton (Kapprell et al., 1988; Smith and Fuchs, 1998; Bornslaeger et al., 2001) . At first glance there appears to be redundancy and competition among cadherins, PG, and plakophilin for desmoplakin binding. Nevertheless, a full complement of interactions seems to be required for full adhesive function (Bierkamp et al., 1996; Ruiz et al., 1996; McGrath et al., 1997; Gallicano et al., 1998; McKoy et al., 2000; Yin and Green, 2004) . To date, many questions remain about the physical architecture of the desmosomal plaque, the specific nature of these diverse molecular interactions, and the way desmosomal assembly is regulated.
Genetic knockout of the PG gene is lethal during the embryonic period, with severe heart and skin defects, presumably due to malfunction of desmosomes and the intercalated disk (Bierkamp et al., 1996; Ruiz et al., 1996) . Unlike in wild-type animals, b-catenin was detected in epidermal desmosomes from these knockout embryos, suggesting that this highly homologous ARM family member attempts to substitute for Pg, but has limited functionality (Bierkamp et al., 1999) . In this study, we have used PGknockout cells to shed light on the physical architecture and molecular interactions within the intracellular plaque. We have used electron tomography to determine the threedimensional structures of desmosomes and have used immunolabeling to document changes in the composition of the plaque.
RESULTS

Characterization of cell cultures by PCR, immunoblotting, and immunofluorescence
To investigate the effects of PG on the cytoplasmic plaque of desmosomes, we have used long-term cell cultures of keratinocytes derived from mice that were wild type (PG þ / þ ) for the PG gene, or homozygous (PG À/À ) for the knockout allele. Cell cultures were initially seeded at low Ca 2 þ concentrations (0.05 mM) and, after reaching confluence, were switched to 1.4 mM Ca 2 þ for periods up to 48 hours to induce desmosome formation (Hennings and Holbrook, 1983) .
Genotypes were confirmed by PCR (Figure 1a) . DNA from PG þ / þ cells produced an B650-bp band corresponding to the wild-type allele, whereas DNA from PG À/À cells produced an B450-bp band corresponding to the targeted PG allele. The expression levels of PG in the cultured cells were assessed by immunoblotting of extracts from cultured cells prepared 15 hours after inducing desmosome formation by increasing the Ca 2 þ concentration to 1.4 mM (Figure 1b ). The resulting data verified that PG was not present in homozygous, knockout cells.
The subcellular distributions of various desmosomal proteins in wild type and knockout cells were characterized by immunofluorescence 15 hours after inducing desmosome formation. As expected, PG À/À cells were unlabeled (Figure 2b ), demonstrating the specificity of the PG antibodies. The same antibodies labeled cell borders in PG and f) was concentrated at the periphery of both cell types. Desmoplakin produced a punctate distribution in wild-type cells, characteristic of its desmosomal localization, but produced a diffuse component of staining both around the plasma membrane and within the cytoplasm in cultured PG À/À cells, as seen previously in epidermis (Bierkamp et al., 1999) . Keratin-14 antibody labeling (Figure 2g (Figure 2l ). These results suggest that the absence of PG had significant effects on the distribution of certain associated proteins, although an ultrastructural study was necessary to evaluate the specific effects on the desmosomal architecture.
The number and size of desmosomes When Transwell filters were used to support cells throughout the rapid freezing/freeze-substitution protocol used for our best electron microscopy (EM) preparations, parallel cell borders were punctuated by numerous desmosomes in both PG þ / þ and PG À/À cultures. On the other hand, when fixed cells were scraped off culture dishes for more conventional EM preparations, few desmosomes remained and the corresponding cell contacts were largely disrupted in PG À/À cultures ( Figure S1 ). High-magnification images revealed that PG À/À desmosomes were frequently torn out of one cell after these scraping procedures (Figure 3 ), but not in cells that were consistently supported on Transwell filters. Wild-type desmosomes appeared normal in both the preparations. These results illustrate an innate susceptibility of knockout cells to shear stress, as previously documented by indirect measurements of adhesive strength (Yin et al., 2005b) , but indicate that this susceptibility is not simply due to a lack of desmosome formation in the absence of PG.
We quantified the numbers and sizes of desmosomes in Transwell cultures ( Table 1 ) and found that PG À/À cells have B60% the total number of desmosomes observed in wildtype cells. For both cell types, the number and size of desmosomes steadily increased over the first 48 hours and then leveled off. Notably, PG À/À cells had a significant population of abnormally large (4640 nm diameter) desmosomes that were not observed in PG þ / þ cells ( Figure S2 ). The number and size distribution of desmosomes from PG þ / þ cells were comparable to that of primary cultures of keratinocytes isolated from newborn mice (not shown). On the other hand, the relative number of desmosomes observed in cultured PG À/À keratinocytes after scraping was considerably lower, close to the 5% value reported by Bierkamp et al. (1999) for the epidermis of PG À/À embryos compared with wild type. They also reported desmosomes torn from the plasma membrane of adjacent cells in tissue from knockout animals. These lower percentages and tissue damage most likely reflect increased mechanical challenge within live during the EM preparation. Given the consequent mechanical stress, PG-deficient desmosomes frequently break off from one cell, leaving a fragment of the cell membrane. This observation suggests that the intercellular bond provided by the cadherin molecules is intact but that the lack of intermediate filament attachments produces a vulnerability in cell adhesion that ultimately leads to cell rupture. Bars ¼ 100 nm.
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Tomography of Plakoglobin-Knockout Desmosomes tissue or during specimen preparation for EM and reflect a weakness in the desmosomal structure.
Ultrastructure of desmosomes
The fine structures of wild-type and PG-deficient desmosomes were compared by conventional EM and electron tomography of freeze-substituted samples. Whereas conventional projection images suffer from superposition of features throughout the thickness of the section, tomography allows computational slicing through the three-dimensional structures, thus allowing assessment of molecular interactions in a dense macromolecular assembly like the desmosome. The characteristic features include a dense group of strand-like densities (cadherin molecules) extending across the intercellular gap and associating with one another within the so-called midline that appears halfway between the two membranes, a dense intracellular plaque, and bundles of intermediate filaments. In projection images, it is generally difficult to distinguish individual components or their specific associations, due either to superposition or to excessive fixation and staining. By using freeze substitution for specimen preservation and tomography for imaging, we have been able to delineate individual cadherin molecules in the intercellular gap (He et al., 2003) Figure S3 ). In addition, tomographic slices clearly show that the inner dense plaque, which in wild-type desmosomes comprises a network of densities, was either disorganized or completely absent in knockout cells (Figure 5d desmosomes, the intermediate filament bundles were more strongly visible on one side of a given desmosome, undoubtedly because they run at right angles to the plane of the section in the opposing cell. This observation suggests that there may be coordination between the intermediate filament networks in adjacent cells, which might be mediated in some, as yet undefined, way by the desmosomal architecture. Although miscellaneous cellular constituents are excluded from the immediate vicinity of wild-type desmosomes, microtubules and ribosomes were seen in close proximity to the desmosomes in knockout cells ( Figure 5 ; Figures S2, S3 ), probably reflecting their failure to build an organized inner plaque.
Immunolabeling of desmosomal components
Immunoelectron microscopy was used to localize individual proteins in wild type and PG-knockout desmosomes. First, several different antibodies were used to localize PG in wildtype desmosomes (Figure 6a -c) and to verify its absence in PG À/À cells (Figure 6e-g ). Second, we confirmed that, in these long-term keratinocyte cultures, antibodies against b-catenin labeled desmosomes in PG À/À but not PG þ / þ cells (Figure 6d and h) . In adherens junctions, PG and b-catenin coexist (Peifer et al., 1992) and presumably compete for binding to the cytoplasmic tail of the relevant cadherins. In desmosomes, PG normally wins this competition and excludes b-catenin (Lewis et al., 1997; Bierkamp et al., 1999) , but in the absence of PG, b-catenin apparently has sufficient affinity for the cytoplasmic tails of desmosomal cadherins to account for their observed clustering even in the absence of PG.
We next addressed whether absence of PG affected the disposition of desmoplakin within the desmosomal plaques. In particular, we used antibodies specific for the desmoplakin N-or C-terminus to determine not only the relative amount of desmoplakin, but also its orientation within the plaque. In PG þ / þ keratinocytes, the desmoplakin N-terminus was localized to the outer plaque (Figure 6k ), whereas C-terminal labeling was found in the inner plaque where intermediate filaments join the desmosome (Figure 6j ), as expected from earlier studies (North et al., 1999) . Interestingly, we found that this general orientation was maintained in PG was decidedly further from the membrane in both the cases, there was a significant difference in the distance measured in wild type versus knockout (Po0.02): 70 nm in PG þ / þ (n ¼ 83, SEM ¼ 2.6) and 60 nm in PG À/À (n ¼ 59, SEM ¼ 3.6) desmosomes, respectively. Furthermore, we observed that the number of desmoplakin molecules localized to PG À/À desmosomes was 2-3 times lower compared with PG þ / þ desmosomes, which is consistent with previous biochemical data from whole-cell lysates (Caldelari et al., 2001; Yin et al., 2005a) . These findings indicate that, in PG-knockout desmosomes, cadherins, plakophilin, and/or b-catenin continue to orient desmoplakin correctly within the cytoplasmic plaque. However, the location of the desmoplakin C-terminus is altered, perhaps reflecting the defect in anchoring intermediate filaments to PG À/À desmosomes. Specifically, an apparent shortening of the desmoplakin molecule may be due to a lack of tension within this inner dense plaque that normally accompanies its linkage to the cytoskeleton.
Finally, we investigated the distribution of plakophilin-1 in wild type and knockout cells. Although labeling was present in desmosomes in both cell types, we observed an B6-fold decrease in the number of plakophilin-1 labels associated with PG À/À desmosomes compared with PG þ / þ desmosomes (Figure 6i and m) . We also calculated the ratio of plakophilin labels in desmosomal versus non-desmosomal regions of the plasma membrane. In wild-type cells, this ratio was 1.5, indicating that plakophilin preferentially associated with desmosomes. In contrast, the ratio was 0.17 in knockout cells, reflecting a comparable density of plakophilin molecules associating with non-desmosomal regions of the membrane, but a much lower density at the desmosomes. This result is consistent with the membrane localization of plakophilin immunofluorescence in both cell types and suggests that plakophilin associates with the membrane prior to incorporation into the desmosomal plaque.
DISCUSSION
In this report, we have compared desmosomes produced by long-term keratinocyte cultures derived from wild type and PG-knockout mice. Although this knockout has been characterized in previous studies (Bierkamp et al., 1996 (Bierkamp et al., , 1999 Ruiz et al., 1996; Caldelari et al., 2001; Yin et al., 2005a) , electron tomography allowed us to evaluate the specific structural defect in desmosomal architecture. In particular, we documented that 15-48 hours after inducing desmosome formation with the Ca 2 þ switch, cadherin-cadherin interactions in the intercellular gap of PG À/À junctions appear to be similar to those in wild-type desmosomes, indicating that cadherin molecules are clustered normally within the cell membrane even in the absence of PG. However, we found that this knockout results in a thinner, sparser outer dense plaque and furthermore that the inner dense plaque seems to be disorganized or missing altogether. In addition, the desmosomes seen by electron tomography are defective in anchoring the intermediate filament network to the membrane and the cohesion of corresponding cell cultures is more susceptible to mechanical stress. Immunogold labeling confirmed previous reports that b-catenin was 
. Grayscale images correspond to 7-Å thick slices through the tomographic volume and color has been applied to objects representing the three-dimensional segmentation of selected components of the desmosome. The outer dense plaque (ODP) and inner dense plaque (IDP) are indicated in panel (a) and appear to be substantially more developed in wild type desmosomes compared to the knockout. Cell membranes are shown in cyan, desmoplakin in yellow and intermediate filaments in blue. In knockout desmosomes, ribosomes (red) and microtubules (purple) are seen more frequently in the region of the IDP. Close-up views (c, f) show that extracellular cadherin interactions are comparable in the two cell types, although the corresponding densities are not as well preserved as in epidermal tissue (for example, Figures 3a and 7) . Animated representations of these tomographic reconstructions are shown in Movies S1 and S2. present in knockout desmosomes (Bierkamp et al., 1999) and presumably responsible for cadherin clustering. However, we also documented substantially reduced levels of desmoplakin and plakophilin-1, suggesting that recruitment of plaque components is secondary to cadherin clustering and dependent on unique properties of PG. The consequent defect in anchoring intermediate filaments provides a definitive structural explanation for the failure of PG À/À tissue adhesion. Thus, our observations suggest an orderly sequence for desmosome assembly initiated by cadherin clustering, mediated by either PG or b-catenin, followed by recruitment of plakophilin and desmoplakin to the intracellular plaque, and consummated by coupling to the intermediate filament network.
Interactions in the outer dense plaque
In wild-type desmosomes, the outer dense plaque is composed of PG, plakophilin, and the N-terminal domains of desmoplakin. Specifically, the ARM repeats of PG interact with the N-terminal domain of desmoplakin, thus anchoring it to the desmosome (Kowalczyk et al., 1997) . In PG (i, m) Plakophilin-1 labeling was observed for both cells types, although levels were considerably lower for the knockout cells. (j, k, n, o) Two different antibodies targeted the N-and C-terminal domains of desmoplakin. Although both localized to the cytoplasmic plaque, the N-terminus was significantly closer to the membrane than the C-terminus. Also, fewer desmoplakin antibodies were observed in knockout cells. (l) Histograms illustrate the distribution of antibodies for the two ends of desmoplakin. Student's t-test indicated a significant difference between N-and C-terminal locations in both cell lines (Po0.01) and also a significant difference between C-terminal locations in PG þ / þ and PG À/À cells (Po0.02).
www.jidonline.org 2671 D Acehan et al. Smith and Fuchs, 1998) , albeit at the lower levels as indicated by our immunolabeling studies and supported by previous analyses of protein levels in cell lysates (Caldelari et al., 2001; Yin et al., 2005a) . Plakophilin-1 is reported to bind desmoglein-1, desmocollin-1, and desmoplakin (Kapprell et al., 1988; Smith and Fuchs, 1998; Kowalczyk et al., 1999; Hatzfeld et al., 2000) , but our observation of a sixfold reduction of plakophilin-1 in PG À/À desmosomes suggests that the desmoplakin N-terminal domain plays a larger role than desmosomal cadherins in recruiting plakophilin-1 to the outer dense plaque.
Linkage with the inner dense plaque
Linkage of cadherins, PG, and plakophilin in the outer dense plaque to the intermediate filament network occurs via an inner plaque, which is composed primarily of desmoplakin. We have extended previous immunolabeling of desmoplakin in wild-type desmosomes (North et al., 1999) to demonstrate the disposition of desmoplakin in knockout desmosomes. In both wild type and knockout cells, the N-terminal domain of desmoplakin lies close to the membrane, whereas the C-terminal domain is 40-50 nm away at the inner margin of the cytoplasmic plaque. This disposition is consistent with the role of this C-terminal domain in anchoring intermediate filaments (Stappenbeck et al., 1993; Kouklis et al., 1994; Meng et al., 1997; Smith and Fuchs, 1998; Choi et al., 2002) , which localize to the same area. In our tomograms from wild-type keratinocytes, desmoplakin appears as strands of density running across this region. In PG À/À desmosomes, these strands are either absent or much attenuated, which is consistent with the 2-3 Â reduction in immunolabeling of desmoplakin in the knockout. Figure 7 shows threedimensional segmentation of a desmosome from wild-type mouse epidermis. Several consecutive slices are shown in Figure 7b -e in which individual strands are visible connecting the lower membrane to the intermediate filaments running at the very bottom of the panels (see also Movie S3) and the segmentation in Figure 7f gives a general sense of the threedimensional distribution of these desmoplakin densities. On the basis of their size and shape, as well as previous evidence for a dimeric assembly , we hypothesize that individual strands correspond to desmoplakin dimers. These appear to interact with the lateral edge of individual intermediate filaments frayed from a larger bundle that runs roughly parallel to the membrane surface.
We found that the number of desmosomes observed in knockout cells depends strongly on the preparation method used for electron microscopy in a way that reflects a vulnerability of these mutant desmosomes to mechanical stress. Even though immunofluorescence images indicate an intact intermediate filament network in PG À/À cells, electron tomography reveals that desmosomal connections are defective. Indeed, under conditions of increased mechanical stress, PG À/À cells had a preponderance of desmosome-associated membrane fragments torn from an adjacent cell (Figure 3) , graphically illustrating the consequences of this defect even when the cadherin-mediated intercellular bond remains intact. Failure of intermediate filament coupling offers a compelling explanation for the susceptibility of this knockout cell line to mechanical stress and for the embryonic lethality of PG and desmoplakin knockouts in mice, although the earlier and more severe phenotype of the latter (Gallicano et al., 1998) suggests additional critical roles of desmoplakin in desmosome assembly.
Our work extends previous observations of desmosomes in epidermis of PG-knockout mice (Bierkamp et al., 1999) . These authors described increased intercellular spaces between cells in the upper and lower spinous layers as well as missing cytoplasmic plaques and few associated intermediate filament bundles, although their conventional electron micrographs were not able to define the detailed desmosomal architecture. In addition, they reported broken desmosomes with fragments left attached to the neighboring cell, analogous to the images we present in Figure 3 . On the other hand, transcellular networks of intermediate filaments and immunoprecipitation of desmoglein by keratin-14 antibodies in knockout cell cultures seem to reflect intact connections between intermediate filaments and cadherins (Caldelari et al., 2001) . Although these latter observations appear to be inconsistent with our observations by tomography, it is possible that longer periods of desmosome formation produce a subpopulation of knockout desmosomes that form limited associations with the intermediate filament network (c.f., Table 1 ).
Regulation of desmoplakin binding to intermediate filaments
Our data are consistent with a sequential model of desmosome assembly: clustering of cadherins by PG followed by et al., 1989) . This discrepancy suggests that the central a-helical rod of desmoplakin ) is either highly flexible or folded up within the intracellular plaque. Thus, one mechanism for regulating assembly could be an autoinhibitory interaction between N-and C-terminal domains, as seen for example in smoothmuscle myosin (Burgess et al., 2007) . Recruitment to the desmosome could disrupt this interaction, either by steric hindrance of PG binding to the N-terminal domain or by PG-mediated phosphorylation. With respect to phosphorylation, serine phosphorylation of the C-terminal GSR domain of desmoplakin has been implicated in the regulation of intermediate filament binding (Stappenbeck et al., 1994) ; also epidermal growth factor stimulation results in tyrosine phosphorylation of PG, loss of desmoplakin from desmosomes, and decreased adhesive strength (Yin et al., 2005a) . Furthermore, evidence is building for the participation of PG in a signaling pathway that mediates the response to the autoimmune disease pemphigus, which results in dramatically weakened desmosomal adhesion (Caldelari et al., 2001; Williamson et al., 2006; de Bruin et al., 2007) . A rather different view is that productive binding of intermediate filaments requires a threshold concentration of desmoplakin molecules. It is clear from our tomograms that the inner dense plaque in wild-type cells consists of a protein network that is dense enough to exclude extraneous cellular constituents such as ribosomes and microtubules, reflecting a very high local concentration of desmoplakin within this region. In PG À/À desmosomes, this network is absent and immunolabeling indicated reduced amounts of desmoplakin consistent with a considerably lower local concentration that appears to be ineffective in binding intermediate filaments.
Such a threshold requirement could reflect weak binding of desmoplakin to intermediate filaments, which is overcome by a binding cooperativity manifested only in a large ensemble. Thus, although transient, individual interactions could occur in the bulk cytoplasm, only after clustering molecules within the desmosomal plaque would desmoplakin be effective in anchoring the cytoskeleton. A similar mechanism has been proposed as the basis for cadherin-cadherin selectivity, with the sum of numerous weak interactions explaining their specificity as well as the adhesive strength of the overall ensemble (Chen et al., 2005) .
MATERIALS AND METHODS
Cell culture, genotyping, and immunoblotting
Long-term cultures of PG þ / þ and PG À/À keratinocytes have been described previously (Caldelari et al., 2000 (Caldelari et al., , 2001 . Primary cultures of wild-type keratinocytes (Hennings and Holbrook, 1983) were established by treating mouse skin with dispase for 4-12 hours on ice, which allowed separation of the epidermis from the dermis. Use of mice was approved by the authors' Institutional Review Board. The epidermis was digested with 0.5% trypsin at 37 1C, treated with 25 mg ml À1 DNAse, and sheared by vigorous pipetting with a Pasteur pipette. The resulting solution was filtered through several layers of gauze and washed with DMEM and centrifuged at 1,000 r.p.m. to collect primary keratinocytes. Long-term cultures were grown in CnT2 growth medium (CellnTec Advanced Cell Systems, Bern, Switzerland) and primary keratinocytes were grown in keratinocyte growth medium (Cambrex Bio Science, Walkersville MD) for 3-5 days in order to reach confluence in the absence of calcium. In the case of the knockout, cells are hyperproliferative and, to compensate, they were seeded at a lower concentration than that used for wild-type cells (Williamson et al., 2006) . Polycarbonate Transwell filters (Corning Inc., Corning, NY) were used for electron tomography and plastic Petri dishes were used for other experiments. After reaching confluence, desmosome formation was initiated by adding 1.4 mM CaCl 2 to the culture media. of the wild-type gene. For western blots, cells were washed with phosphate-buffered saline buffer, scraped off of Petri dishes, and collected by centrifugation. The resulting cell pellet was resuspended in radioimmunoprecipitation buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 5 mg ml À1 Aprotinin, 5 mg ml À1 Leupeptin, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, pH 7.4), pipetted vigorously through a 22-G needle, and incubated on ice for 1 hour. Cell lysates were centrifuged at 15,000 g for 20 minutes at 4 1C and the resulting supernatant was run on 10% SDS polyacrylamide gels, transferred to polyvinylidene difluoride membranes, and blotted with antibodies for PG (5172, mouse monoclonal), E-cadherin (mouse monoclonal; BD Biosciences, San Jose, CA) and b-catenin (mouse monoclonal from BD Biociences, Franklin Lakes, NJ).
Immunofluorescence and immunogold labeling
For immunofluorescence light microscopy, cells were grown on glass slides, fixed with methanol at À20 1C, and incubated for 1 hour on ice with primary antibodies listed above as well as the following: desmoplakin (2.15, mouse monoclonal), plakophilin (mouse monoclonal; Abcam Inc., Cambridge, MA), and keratin-14 (rabbit polyclonal; Covance Inc., Princeton, NJ). After washing with phosphate-buffered saline buffer, cells were incubated with fluorescently labeled anti rabbit (cy3) or anti mouse (Alexa488, Texas Red) secondary antibodies for 1 hour on ice and visualized at room temperature using a Â 63 Plano Apochromat objective with a Zeiss Axoplan 2 model LSM510 confocal fluorescence microscope. For immunogold electron microscopy, we used primary antibodies NW6 (desmoplakin C-terminal, rabbit polyclonal), NW161 (desmoplakin N-terminal, rabbit polyclonal), 11E4 (PG, mouse monoclonal), 1407, and 1408 (PG chicken polyclonal), which were a gift from Dr Kathleen J Green Laboratory (Northwestern University, Feinberg School of Medicine). In addition, b-catenin (BD Biosciences) www.jidonline.org 2673 D Acehan et al.
Tomography of Plakoglobin-Knockout Desmosomes and plakophilin-1 (Abcam Inc.) antibodies were obtained commercially. Cells were grown on Petri dishes and then fixed for 2 hours with 2% paraformaldehyde and 0.2% glutaraldehyde. Cells were scraped with a Teflon spatula and centrifuged to form a pellet that was infused with 2.3 M sucrose in phosphate-buffered saline and frozen on a microtome chuck prior to cryosectioning. Sections (80-nm thick) were cut with a cryo-ultramicrotome and collected on nickel EM grids. For labeling, sections were incubated overnight at 4 1C with primary antibodies diluted in 1% BSA in phosphatebuffered saline. After several washes to remove unbound primary antibodies, sections were incubated with 10 nm gold-conjugated protein-A for 30 minutes at room temperature. Monoclonal antibodies required additional 30 minutes of incubation with rabbit or chicken IgG to bridge between primary antibody and protein-A gold. In the case of b-catenin, the primary antibody was directly labeled with 10 nm gold-conjugated antimouse IgG antibody. After labeling reactions and washes, samples were further fixed with 1% glutaraldehyde, stained with uranyl acetate at neutral pH, and embedded in a mixture of 0.4% uranyl acetate and 1.8% methyl cellulose.
Electron tomography
For electron tomography, cells were grown on Transwell membranes and prepared by high-pressure freezing followed by freeze substitution. High-pressure freezing planchettes were loaded with 2 Â 2-mm pieces of Transwell membranes, packed with 15% dextran in culture medium, and frozen within 2 minutes after removal from growth medium. For freeze substitution, the planchettes were incubated in acetone containing 1% OsO 4 at À90 1C for 48-72 hours, followed by À60 1C for 12 hours, and À30 1C for 12 hours; transitions between these temperatures were made at 5 1C hour
À1
. After warming samples to room temperature, they were washed with pure acetone, infiltrated with LX112 Epon resin, and polymerized at 60 1C. Sections were stained with 1-3% uranyl acetate and Sato Lead stain, and finally coated with 5 or 10 nm colloidal gold particles for use as fiducial markers.
Electron micrographs of samples tilted between À701 and þ 701 at 1-21 intervals were recorded at B1 mm defocus with 25-68 k magnification on a 4 k Â 4 k charge-coupled device camera (Tietz Video Imaging Processing System GmbH, Gauting Germany) using SerialEM (Mastronarde, 2005) . A second tilt series of the same area was collected after manually rotating the microscope grid by B901. Images were binned 2 Â to produce sampling intervals of 0.25-0.68 nm, depending on magnification. Prior to data collection, sections were stabilized by pre-irradiation with B10 5 electrons nm À2 and the cumulative dose for the dual-axis tilt series was B10 5 electrons nm À2 . Dual-axis tomographic reconstructions were calculated using IMOD (Kremer et al., 1996) and features in selected tomograms were segmented for presentation using Amira (Mercury Computer Systems Inc., Chelmsford, MA).
SUPPLEMENTARY MATERIAL Figure S1 . Influence of different methods for EM preparation. Figure S2 . Tomographic images of desmosomes. Figure S3 . A gallery of tomographic slices from PG þ / þ and PG À/À cells.
Movie S1. Animated series of slices through the tomographic volume in Figure 5a .
Movie S2. Animated series of slices through the tomographic volume in Figure 5d .
Movie S3. Animated series of slices through the tomographic volume in Figure 7a .
